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Abstract 
ADA Environmental Solutions (ADA) is examining available sorbents as well as process equipment options to 
assess the viability and accelerate development of solid sorbents for post-combustion CO2 capture.  This work is 
being completed through a US Department of Energy (DOE) Cooperative Agreement with supplemental funding 
from ADA, EPRI, and several power industry partners.  During the project, sorbents were acquired from 22 
developers and screened at the laboratory-scale to select materials for testing in a 1 kW slipstream pilot.  Based on 
the lab scale results, pilot-scale batches of two sorbents were produced and one was tested in the 1 kW pilot.  In a 
parallel effort, commercially available processes and equipment were evaluated to identify those that have promise 
for commercial-scale CO2 capture. 
ADA has screened over 100 materials using a fixed bed system both in the laboratory with simulated flue gas and 
in the field with a slipstream of actual flue gas.  The materials were tested over multiple adsorption/regeneration 
cycles.  The purpose of this ongoing screening is to identify materials that exhibit properties that are promising 
enough to be produced and evaluated at larger scales.  Results from different materials are highly varied, but general 
conclusions can be drawn regarding different sorbent types.  For example, sorbents that include amine 
functionalization generally have a high CO2 capacity (i.e. 5% to 14% by weight), whereas carbon-based materials 
have been observed to have lower CO2 capacities, but superior cyclic stability.   
Several hundred pounds of two promising sorbents were produced and evaluated using a contactor installed on a 
1 kW equivalent slipstream of flue gas at an operating coal-fired power plant.  The system utilizes a circulating 
fluidized bed with the following key components: adsorption using entrained flow, regeneration via a temperature 
swing with an option for a sweep gas, gas/solids separation, and cooling.  One supported amine sorbent was 
evaluated in both continuous and batch mode and achieved 90% CO2 removal repeatedly. 
Many different commercial industries use large-scale equipment for gas/solids contacting, conveying, and heat 
transfer.  In the parallel effort to evaluate commercial-scale equipment options, ADA is working with Stantec, a 
leading engineering design firm, to identify existing commercial equipment and processes that could be useful for 
CO2 capture with solids.  Each process and/or equipment component has been categorized as being useful for either 
adsorption, regeneration, materials conveying, and/or heat transfer.  A survey has been completed for each potential 
technology.  After examining all of the commercially available technologies, those that are optimal for the 
application of CO2 capture were selected and used as the basis for a 500 MW conceptual design. 
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1. Introduction 
The generation of electricity results in approximately one-third of all anthropogenic CO2 emissions.
1
  If limits are 
placed onto carbon emissions from stationary point sources, such as coal-fired power plants, carbon capture and 
sequestration (CCS) could be an important component of reducing worldwide CO2 emissions.  Specifically, for post-
combustion CO2 capture, solvent-based removal such as aqueous amines or chilled ammonia, which are the CO2 
capture options furthest along the technology development path, can be utilized in a temperature swing cyclic 
process.  When using a temperature-swing cycle for post-combustion CO2 capture, several aspects of the process 
affect the energy penalty.  Such factors include: CO2 working capacity, heat capacity, heat of reaction, and the 
difference between the capture and regeneration temperatures.  Solid sorbents have exhibited higher CO2 loadings 
and lower heat capacities when compared to aqueous MEA systems.
1-3
  However, most solid sorbents are in the 
early developmental stages and are currently being tested on the laboratory scale. Many different types of solid 
materials for CO2 capture have been or are currently being investigated including: supported amines
4-10
, carbon-
based sorbents
11-14
, supported carbonates
15,16
 and zeolites
17
.  These materials are being developed and tested at 
universities, government laboratories, and by private institutions worldwide.  However, during the testing of these 
materials, the capture and regeneration conditions are often highly varied, leading to difficulty in comparing 
material performance. 
Under a project supported by the U.S. DOE, National Energy Technology Laboratory (NETL), the Electric 
Power Research Institute (EPRI), and several power generation companies, ADA Environmental Solutions (ADA) is 
conducting a program to characterize CO2 sorbents and options for process equipment.  The objective of this 
program is to assess the viability and accelerate development of solid sorbents as a CO2 capture technology that can 
be retrofit to the existing fleet of coal-fired power plants.  This program includes a parallel effort to evaluate the 
sorbents, on both the laboratory and 1 kW pilot scale, as well as a survey and assessment of commercial-scale 
equipment options that will be used to conduct a preliminary economic assessment. 
2.  Experimental Methods 
2.1. Laboratory-Scale Sorbent Screening 
Sorbent developers were invited to submit materials to the program.  The goal of testing a wide array of materials 
is to provide industry with an increased number of options as well as to develop a database of sorbent performance 
characteristics. 
The laboratory-scale test fixture was designed to be used in the laboratory on simulated flue gas as well as in the 
field on actual flue gas with minimal modifications.  A programmable logic controller (PLC) controlling solenoid 
valves was employed so that the system was completely automated.  The flow rate of the simulated or actual flue 
gas was approximately 255 sccm, and the amount of sorbent tested varied from 0.5 to 2.5 g.  The sorbent and flue 
gas (either simulated or actual) were contacted in a fixed bed.  The CO2 analyzer was a continuous NDIR sensor 
with a 90% response time of 10 seconds. 
The steps to carry out the adsorption/regeneration cycles were the same whether tests were conducted on 
simulated or actual flue gas.  First, 2.5 g (or less) of sorbent was placed in the fixed bed and was heated to the initial 
flushing temperature.  The initial flushing temperature was set based on the expected regeneration temperature, 
unless a different temperature was recommended by the sorbent developer.  A thermocouple on the outside of the 
glass fixed bed was used to determine when the bed had reached the desired temperature.  When the bed temperature 
matched the desired adsorption temperature, the sorbent was flushed with dry N2 for 10 minutes or until no CO2 was 
being evolved (whichever was longer).  Then, the simulated flue gas, composed by mixing compressed gas from 
tanks, was sent through the bypass line, so that it did not contact the sorbent.  The composition of the laboratory 
sample gas, by volume, was approximately 12% CO2, 4% O2, with a balance of N2.  The relative humidity, 
controlled by adding water using a peristaltic pump and then evaporating, was 0% or 90% (0 or ~15% by volume, 
respectively).  When the CO2 monitor reading was stable and represented the correct concentration of CO2 (i.e. 
baseline reading) the gas flow was directed through the sorbent.  After the CO2 levels returned to their original 
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levels (i.e., the sorbent was saturated with CO2), the gas was sent through the bypass, which was the end of the 
adsorption step. 
A temperature swing with N2 purge gas was used to regenerate the sorbents and desorb the CO2.  The gas passing 
through the fixed bed was switched from the simulated flue gas to N2 (acting as a sweep gas) and the temperature 
was gradually increased to the regeneration temperature.  This was continued until no additional CO2 was measured 
in the sweep gas.  It is important to note that this type of adsorption/regeneration cycle provides the total CO2 
capacity at the adsorption conditions rather than a working capacity, which can be achieved economically in a 
commercial system.  In addition, this system is used to assess cyclic stability by repeating the 
adsorption/regeneration cycle for more than 100 iterations. 
2.2. 1 kW Pilot Parametric Evaluation of Sorbents 
The 1 kW pilot system is a state of the art, one of a kind CO2 capture system designed and constructed to 
characterize the CO2 capture effectiveness of solid sorbents on coal-fired power plant slipstreams.  A circulating 
fluidized bed-type of entrained flow contactor was selected for the 1 kW pilot-scale apparatus.  ADA worked closely 
with Southern Company Services (SCS) to finalize the contactor details.  It was designed to evaluate CO2 sorbents 
with highly varied physical and chemical properties.  A cartoon of the system is shown in Figure 1 for reference. 
 
 
Figure 1:  Concept sketch of 1 kW Pilot CO2 System 
 
The equipment includes a flue gas pretreatment section prior to the capture and regeneration system.  
Pretreatment options include flue gas pressurization, heating, cooling, SO2 removal, and moisture reduction.  The 
capture system includes both CO2 adsorption and sorbent regeneration.  The adsorption occurs in the riser, which is 
a transport reactor (i.e. the sorbent is entrained by the flue gas).  Although the riser is only 1 inch in diameter, it is 35 
feet tall, which provides a gas/solids contact time of approximately 3 seconds.  There is also an added option for 
sorbent recirculation in the in the internal fluidized bed if additional contact time is required.  The regenerator 
consisted of a separate fluidized bed.  Projected regeneration temperatures were in the range of 210°F to 250°F.  For 
the 1 kW system, electric heaters were used for the heat input, although in a commercial system indirect steam or 
some other source of heat would likely be more advantageous.  The specified design maximum residence time in the 
regenerator is approximately 500 seconds.  An ID fan is used to extract the enriched CO2 stream.  If any sorbent is 
carried with the CO2 gas stream, it is captured in a cyclone or a fines baghouse.  After the sorbent is heated and the 
CO2 is removed, the sorbent is sent through a cooler that utilized jacketed cooling to reduce the temperature of the 
sorbents to approximately the riser temperature.  For sorbent R, the supported amine sorbent that was evaluated at 
the first field site, the sorbent circulation rate was 40 lb/hr. 
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2.3. Commercial-Scale Equipment and Process Evaluation 
Although certain attributes of solid sorbents prove to be promising, they still must be integrated into a viable 
process, which includes the implementation of equipment that can take full advantage of the sorbent properties.  If a 
solid-based CO2 capture technology is to be commercialized in the near future, processes and equipment that are 
already commercially available for other applications must be evaluated and employed to the greatest extent 
possible.  In addition, by evaluating similar commercial processes and equipment, the capital costs associated with 
solid-based CO2 capture can be more accurately estimated. A technology survey which encompassed a broad range 
of gas-solids contactor and thermal regeneration technologies (including fluid beds, entrained flow, gravitational 
cross flow, moving bed, radial flow fixed bed, etc.), from air pollution control technologies as well as chemical 
process industry and mineral processing industry was conducted as the first step in identifying applicable 
commercial technologies for a solid-based CO2 capture process.  The survey included both identifying commercial 
processes that performed one of the key process steps: adsorption, regeneration, materials conveying, and heat 
transfer.  A brief summary of each process was prepared to facilitate an evaluation of its applicability for post-
combustion CO2 capture in a subsequent task.   
In order to analyze and screen the commercial process technologies, a list of scoring criteria were compiled for 
each key process step and each was given a weight according to the perceived importance of each item.
18
  The major 
scoring categories and their respective scoring weights were: 
 Economic – 30%: The economic rating was based primarily on capital and operating costs. 
 Risk – 25%: The risk rating was based on different criteria for the different CO2 capture steps, but included 
considerations such as reliability, scaling, safety, attrition, retrofit integration, etc. 
 Performance – 35%: The performance rating was also based on different criteria for the different CO2 
capture steps, but included concerns such as residence time, pressure drop, footprint, and automation 
 Environmental – 10%: The environmental rating included co-benefits (i.e. the ability to remove emissions 
other than CO2), waste quantity, waste containment, and fugitive emissions  
These criteria were developed by engineers at Stantec with feedback from ADA and power producers.  Each 
technology was scored accordingly and a single weighted score for each technology was established.  This method 
allowed each technology to be compared against all others, and higher scoring technologies were then selected for 
further investigation.  In many cases, a single process technology covered more than one of the key process steps 
under investigation.  In such cases, the technology was rated separately for applicability in each category. 
3. Results and Discussion 
3.1. Laboratory-Scale Sorbent Screening 
Over 100 supported amines, carbon-based, and zeolite materials were evaluated at the laboratory-scale to date.  
Other types of materials, such as carbonates, were not evaluated only because no such materials were contributed to 
the program.  Since one of the most important advantages of solid sorbents is the potential to reduce the regeneration 
energy compared to aqueous systems, the theoretical regeneration energy for each material was calculated.  The 
theoretical regeneration energy included the heat input required to increase the temperature of the sorbent (i.e. 
sensible heat) as well as the energy required to overcome the endothermic reaction to release the CO2.  The 
theoretical regeneration energies for many different materials are provided in Figure 2.  The theoretical regeneration 
energies provided in Figure 2 were calculated based on the average CO2 capacity measured with 90% relative 
humidity and the median regeneration temperature.  The specific heat of the materials has not been measured in 
several cases, but was usually assumed to be in the range of 0.8 to 1.3 kJ/kg K. 
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Figure 2: Comparison of Theoretical Regeneration Energies Based on Laboratory Fixed Bed Tests with Humid Simulated Flue Gas 
*These sorbents have been group according to the material type.  Black bars (left) represent carbon-based sorbents, 
blue bars (center) represent supported amines, and yellow bars (right) represent zeolites.   
**The red dashed line an estimate for an advanced amine aqueous system.
2
 
 
Clearly the supported amine sorbents exhibited lower theoretical regeneration energies compared to aqueous 
MEA and the other sorbent families.  This means of comparison does not take into account the effect of sorbent 
stability or resistance to flue gas constituents. 
3.2. 1 kW Pilot Parametric Evaluation of Sorbents 
Based on the superior CO2 capacity measured in the lab, cyclic stability, and ability to be produced at increased 
scales, sorbent R was one of the materials selected for evaluation at the 1 kW pilot scale.  Using this material, 90% 
CO2 removal was demonstrated repeatedly with fresh batches of sorbent at a circulation rate of 40 lb/hr.  Note that 
the flue gas CO2 concentration was approximately 14% and the flue gas volumetric flow rate was approximately 5 
acfm.  An example of the CO2 concentrations and the removal level recorded during continuous operation of the 1 
kW pilot are provided in Figure 3.  Based on the decrease in CO2 removal, it was determined that the sorbent was 
not being fully regenerated. 
 
 
Figure 3: CO2 Concentrations and Removal during Continuous 1kW Testing of Sorbent R 
 
To determine if the lack of regeneration was caused by sorbent degradation, the system was operated in batch 
mode.  To operate in batch mode, the flue gas in the riser (adsorption section) was replaced with air, while all other 
operating parameters, except occasionally the sorbent circulation rate, remained unchanged from the continuous 
operating conditions.  Ten adsorption/regeneration cycles were completed in batch mode using sorbent R.  The 
maximum CO2 removal levels during these ten cycles are shown in Figure 4.  Note that several conditions were 
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varied during the different cycles, such as the time allowed for regeneration and the sorbent circulation rate during 
regeneration; the difference in the CO2 removal levels can mostly be attributed to such factors. 
 
 
Figure 4: CO2 Removal Levels during Batch Operation of Sorbent R 
 
It was determined that the sorbent could be fully regenerated in batch mode and that that the 1 kW pilot system 
was operating as designed.  The lack of regeneration in continuous mode can be attributed to the regeneration 
conditions in combination with the specific characteristics of sorbent R.  This sorbent will not regenerate effectively 
in a pure CO2 atmosphere.  In the lab-scale fixed bed system sorbent R regenerated fully with the presence of a N2 
sweep gas.  Although N2 was utilized as a fluidization gas in the fluidized bed regenerator, the contact between the 
sorbent particles and the fluidization gas in this type of system was inefficient.  Therefore, sorbent R regenerated 
much more slowly in the 1 kW pilot compared to what was observed in the laboratory.  There are several options to 
improve regeneration in a fluidized bed system (listed in order of preference): 
1) Use a sorbent with a different chemistry that can regenerate under greater partial pressures of CO2
 
(different 
amine compounds will behave differently) 
2) Increase the regeneration temperature (not an option for sorbent R due to instability at increased 
temperatures) 
3) Reduce the adsorption temperature 
4) Reduce the partial pressure of CO2 in the regenerator by increasing the fluidization gas rate 
5) Pull a vacuum in the regenerator 
With the exception of option 1 all of these options will most certainly result in additional operational costs.  
When determining whether each option is warranted, the improvement in the sorbent working capacity must be 
compared to the associated costs. 
3.3. Commercial-Scale Equipment and Process Evaluation 
After different technology options were surveyed and scored, a circulating fluidized bed for adsorption and a 
rotary kiln (for both desorption and cooling) were selected as the commercial equipment that will be used to develop 
cost estimates for a high level full-scale concept design.  The process flow diagram showing how the selected 
equipment could be arranged in a power plant to capture carbon dioxide from flue gas is provided in Figure 5.  
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Figure 5: Conceptual Flow Sheet 
 
In this conceptual arrangement, flue gas is sourced from the existing unit after particulate removal.  It then 
proceeds through a heat recovery device, where the flue gas is cooled.  The recovered heat is incorporated with the 
regeneration of the sorbent.  The cooled flue gas then enters a wet FGD system for desulphurization and additional 
cooling.  The pretreated gas proceeds through a booster fan and finally through a vertically arranged adsorber.  
Cooled solid sorbent is introduced to the bottom of the adsorber, and the flue gas carries it upwards in a circulating 
fluidized bed (i.e. transport reactor). 
Carbon dioxide is adsorbed by the solid particles (either through a physical reaction, a chemical reaction, or a 
combination of the two), which are separated from the flue gas by a cyclone.  The flue gas then proceeds back to 
stack, while the solids are directed towards regeneration.  A rotary kiln, jacketed to provide heat, conveys the solids 
slowly away from the adsorber, and then back.  The carbon dioxide is driven off as the adsorption reaction is 
reversed and is withdrawn for compression.  A final kiln is jacketed for cooling, which prepares the sorbent for 
reintroduction to the adsorber.  The process shown in Figure 5 will be used to evaluate the capital costs, operating 
costs, footprint, and other important criteria for a 500 MW power plant that is retrofit for CO2 capture. 
 
4. Conclusions 
Laboratory results were used to identify promising CO2 sorbents and to draw conclusions about different types of 
sorbents.  Generally, sorbents that included amine functionalization exhibited the lowest theoretical regeneration 
energy due in part to their superior CO2 capacities, but were susceptible to thermal degradation (some more so than 
others) and reaction with flue gas constituents.  The carbon-based materials generally exhibited significantly lower 
capacities, which led to increased theoretical regeneration energies, but exhibited little to no noticeable effect due to 
the presence of trace flue gas constituents, even after 250 cycles using actual flue gas.  The zeolites that were 
evaluated exhibited a preference for adsorption of moisture over that of CO2, which led to extremely low capacities 
and prohibitively high theoretical regeneration energies.   
The laboratory screening was used to narrow the field of candidate sorbents so that the best could be evaluated on 
a larger scale with a more meaningful process and equipment configuration.  Working with fluidized bed experts at 
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SCS, a circulating fluidized bed was designed, built, and successfully demonstrated.  A supported amine sorbent was 
tested for multiple adsorption regeneration cycles.  Although the material exhibited a fast reaction during adsorption, 
the regeneration was significantly slowed by the inability of the sorbent to regenerate in a pure CO2 atmosphere.  
ADA has already identified different amine-based sorbents that can be regenerated in pure CO2, which will be 
crucial for operation in a fluidized bed regenerator. 
Many different commercial-scale technologies exist that may be applicable for post-combustion CO2 capture 
using solids in a temperature-swing system.  Background information has been collected on these technologies using 
a variety of sources.  Working with power producers, scoring sheets were prepared and used to compare different 
technology options.  Although several technologies were interesting and promising, those that were selected for the 
final conceptual design performed multiple steps simultaneously.  A circulating fluidized bed was selected for both 
adsorption as well as simultaneous conveying.  A rotary kiln was selected for desorption and cooling.  The final 
technology selection will be used to complete preliminary costs assessments for a conceptual 500 MW CO2 capture 
process. 
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